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The three lepton families
The elementary particles known today fall in two categories: twelve spin particles (fermions), the building blocks of matter, and twelve spin 1 particles (bosons), which are the mediators of all the forces but gravity. The last element in the Standard Model is a spin 0 particle, thought to be at the origin of the masses and called the "Higgs" after the name of one of the discoverers of the theory. Not yet detected, it is searched for at the new CERN LHC collider. The fermions come in three different groups, called families, of identical structure. The reason for that is unknown. Each family is made of a doublet of quarks, of charge +2/3 q and -1/3 q (q is the proton charge), and a doublet of leptons, one of charge -q and one neutral. The neutral leptons are collectively called neutrinos, but are three different particles, distinguished by an additive quantum number called "lepton flavour". The electron (e -) and the electron-neutrino ( e ) have one unit of electronic flavour (-1 their antiparticles); the muon ( -) and the muon-neutrino ( µ) have one unit of muonic flavour and similarly for the tau ( -) and the tau-neutrino ( ). The charged leptons are distinguished by their masses (increasing with the family number) and lifetimes, neutrinos only by their lepton flavours. Neutrinos are produced in states of definite flavour, as e , µ or , in pairs with an antiparticle of the same and opposite flavour. Elementary interactions conserve flavours. So that, by definition, the electron-neutrino ( e ) is the neutral lepton produced with a positron (e + ), the µ is the one produced with a + and the is the one produced with a + . And electron-anti-neutrino is the neutral particle produced with an e -, etc. Neutrinos cannot be detected directly. However, when one of them interacts with the matter producing a charged lepton, the latter can be detected. The identification of the charged lepton gives the flavour of the neutrino: if it is an electron (e -) it was a e etc. Experiments show that neutrinos born with a flavour produce charged leptons of the same flavour, provided the ratio L/E between distance from production to interaction points and neutrino energy is not very large, namely if the oscillation phenomenon has no time to develop. Indeed, experiments in underground laboratories have shown that neutrinos do not behave as assumed in the Standard Model, they do change, "oscillate", between one flavour and another. The evidence has gradually grown in the last four decades, by studying the e s produced by the fusion reactions in the core of the Sun and the µs indirectly produced by the cosmic rays collisions in the atmosphere. Confirmations came by experiments with artificial neutrino sources: proton accelerators (producing mainly µ) and nuclear power reactors ( e ). There two types of experiments. In a disappearance experiment the flux of neutrinos of a certain flavour is known at production; if the flux is measured at a (large) distance and found to be less than expected, the oscillation to another flavour is inferred. In an appearance experiment a flavour not present at production is searched. Oscillations happen because neutrinos of definite flavour are not stationary states (mass eigenstates). The latter, 1 , 2 and 3 , do not change and have definite masses, m 1 , m 2 and m 3 . The two basis are linked by an orthogonal transformation that can be expressed in terms of three rotations, through angles that we shall call 12 , 23 and 13 , and of phase factors. If neutrinos are Dirac particles, as assumed in the Standard Model, all but one of the phase factors can be absorbed, as in the case of quarks, in the wave functions of the states. However, neutrino and antineutrino might be two states of the same particle, namely 'Majorana particles'. In this case two more phases, which we shall call M
In conclusion, writing c ij =cos ij , and s ij =sin ij , the unitary transformation l = U li i Notice that Majorana phases are irrelevant for the oscillation and matter effects. They are observable in an extremely rare, not yet observed phenomenon, the neutrino-less double beta decay (see §6). The above-mentioned experiments have measured cross sections and energy spectra relevant for the oscillation phenomena. The frequency of the oscillation in vacuum is proportional to the absolute value of the squares of two neutrino masses. The flavour conversion in matter, in the Sun in particular, depends also on the sign of the difference. A global fit to these measurements, e.g. Fogli et al. (2011) , allows the extraction of the mixing angles and of the differences between the squares of the masses. Specifically, the information on 12 is mainly due to solar neutrinos and reactor antineutrinos, that on 23 to atmospheric neutrinos, reactor antineutrinos and accelerator neutrinos. The third angle, 13 Fig. 1 shows schematically the neutrino square-mass spectrum. It consists of a singlet ( 3 ) and a doublet ( 1 , 2 ). The approximate flavour composition of the eigenstates is also shown. We do not know either the absolute scale or whether the mass of the singlet is larger or smaller than that of the doublet. 
Lepton identification
As mentioned above, the definition of the flavour of a neutrino requires experimentally the identification of the nature of the charged particle it produces and of the other particles that are also present in the final state of the interaction. There are different types of detectors. The main categories are the trackers, which show, within a range of resolutions, the images of the tracks of the charged particles that go through, and the calorimeters that absorb and measure all the energy of the particle. Electrons and pions produce very similar tracks, but can be distinguished by the different shape of the "shower" they produce. An electron penetrating in a dense medium will soon radiate a photon, which in turn will convert in electron-positron pair, which will radiate more photons, etc. A pion will behave similarly, but producing a shower containing also hadrons on top of electrons and photons. The difference in shape between the two showers can be enhanced and detected with proper techniques, as
we shall see, particularly in their initial phases. A high discriminating power is needed to reliably identify the electrons that are produced very rarely compared to the pions. Muons can be distinguished from hadrons due to their much higher penetrating power. Differently from pions, muons go through metres of material without interacting, leaving a long, straight track. Tau leptons have a lifetime much shorter than the more common hadrons, about 0.3 ps; at the energies of a few GeV energy, which are typical in the experiments under discussion, the lengths of their tracks between production and decay points, are of the order of hundreds micrometres. Consequently, extremely high spatial resolution, of the order of a micrometre is needed, as provided by nuclear emulsions. Moreover, also large target masses are necessary to secure an appreciable rate of neutrino interactions. A powerful technique, known as emulsion cloud chamber (ECC), has been developed by the Nagoya group initially lead by K. Niu. Fig. 2 shows, as an example, the configuration in the DONUT experiment that we shall discuss later. One mm thick Fe sheets, providing the mass, are interleaved with emulsion sheet pairs, providing the images of the track segments. A short track, a kink between the mother and the daughter, is the signature of the tau lepton. Short lifetime hadrons, such as the charmed ones, give the same topology, but are much rarer than the pions. 
The history of the third lepton family
In 1897 J. J. Thomson (1897) discovered the electron, the first elementary particle, by developing the technique of deflecting charged particles in a magnetic field in a vacuum and building the first mass spectrometer, and in 1932 he detected the positron. Fifty years later, J. Street and E. Stevenson (1937) and C. Anderson and S. Neddermeyer (1936) discovered a penetrating component in the cosmic rays. Surprisingly, it was not the mediator of the nuclear forces, the pion, predicted by Yukawa, but was a lepton, as experimentally shown by M. Conversi, E. Pancini and O. Piccioni (1947) . I. I. Rabi will comment these completely unexpected results by asking: "Who ordered that?" Almost anther decennium later, F. Reines (Cowan, C. L. et al. 1956 ), using the Savannah River power reactor as a source, finally discovered "the" neutrino that had been introduced as a "desperate hypothesis" by Pauli back in 1930, when only the electron was known, to explain the apparent nonconservation of energy in beta decay. It became later known that it was the "anti" of "one" of the three neutrinos (electron-anti-neutrino). In 1962 M. Schwartz, L. Lederman, J. Steinberger et al. (Danby et al. 1962 ) discovered the muonneutrino at BNL AGS proton accelerator. In the same years, A. Zichichi (Conversi, M. 1963) developed the PAPLEP (Proton-AntiProton into LEpton Pairs) experiment at the CERN Proton Synchrotron (PS). It was the beginning of the search for the 3 rd sequential lepton family, imagined as a replica of the first two, made of a "Heavy Lepton" (HL) and its neutrino ( HL ). For a complete history see Wu et al. (1997) . The idea was to look for lepton pairs of opposite sign. These can be produced directly or result from the decays of a HL anti-HL pair, produced by the reaction p + p HL + + HL , shortly followed by the decays
and HL e e e or HL µ µ µ . The presence of the intermediate Heavy Leptons can be inferred when one of these decays is into an electron the other into a muon, while in the direct production the leptons have the same flavour. A further signature, due to the presence of undetected neutrinos, is the "acoplanarity", meaning that the plane defined by the momenta of the detected leptons does not contain the direction of the beam. Having that stated, the experimental challenges were several. The detector should have had a large acceptance to collect a good fraction of the expectedly rare process: a large solid angle double arm spectrometer was built The very rare electrons had to be discriminated from the hadrons with high efficiency: the preshower was developed (Massam et al. 1965) The very rare muons had to be discriminated from the hadrons with high efficiency: the hadrons punch through phenomenon leading to the penetration, like the muons, of the Fe absorber was preliminarily investigated (Buhler et al. 1965 ). The PAPLEP principles are shown in Fig. 3a) , while Fig. 3b ) shows its design. Fig. 4 is a photo of PAPLEP, a very large device for the time. The detector elements closest to the target in both arms are two equal copies of the early development of the shower, or pre-shower, apparatus. As shown in Fig. 5 , it is a sandwich of five repeated elements, each composed of Pb layer controlling the early development of the shower, a plastic scintillator sampling the energy deposit and an Al-plates spark chamber visualizing the tracks. The novel method combines in this way visual and non-visual approaches, each providing 10 -2 rejection to obtain an overall rejection of the pions of a few 10 -4 (Massam et al. 1965 ). PAPLEP did not find the HL, but produced important results based on the lepton pairs detection, in particular on the time-like nuclear form factor (Conversi et al. 1964 and A reason for the non-observation of the HL might have been the non point-like structure of the proton. Consequently, the next step of Zichichi was to move the search to the highest energy e + e -collider available, ADONE at Frascati. (Bernardini M. et al. 1967) . The apparatus, shown in Fig. 6 employs all the technologies for electron/pion and muon/pion discrimination developed in PAPLEP, adapted to the collider situation. The two equal arms are now on opposite sides of the collision point. Once more, the HL was not found, and only a lower limit of 1 GeV could be established for its mass, as shown in Fig. 7 (Alles Borelli et al. 1970 ). The reason is that the HL mass is 1.777 GeV, too large to be produced at ADONE, which had a maximum energy of 3 GeV. Fig. 7 . Limits on the HL mass. Simplified from Alles Borelli et al. 1970 In 1974 a new e + e -collider, SPEAR at SLAC, had reached steady operation at 4.8 GeV, together with the detector shown in Fig. 8 left. The apparatus, which became later known as MARK I (after the construction of its successor MARK II), had been built as a general purpose one with a broad physics programme, which were to discover a gold mine (the charm). Four layers of cylindrical wire chambers provided tracking in magnetic field produced by a solenoid. Outside the coils, lead-scintillator electromagnetic shower counters and tracking chambers for the muons were located. As part of the facility programme, M. Perl and collaborators started searching for HL looking for acoplanar e pairs. However, the general-purpose detector had not been conceived with the necessary particle identification capability. A track was defined as an "electron" if it released more then four times the ionization minimum in a lead-scintillator sandwich. A "muon" was defined as a track penetrating 20 cm of Fe absorber. The resulting samples had estimated hadron contaminations of 18% and 20% respectively. Under these conditions, the analysis had to rely on a statistical selection on acoplanarity. A statistically significant effect was found, published by Perl et al. (1975) with the conclusion: "We have found 64 events of the form e + + e e ± + µ + 2 undetected particles , of which we have no conventional explanation". Once more, the HL had escaped discovery, this time due to the insufficient particle identification. Already in the summer 1974 the muon identification was substantially improved, in a fraction of the solid angle, by adding thick concrete absorbers to filter the muons above the apparatus, and in 1976 a new "lead glass wall" photon detector was added by L. Barbaro Galtieri and her group to substantially improve the electron identification (Fig. 8 right) . In their second article, Perl et al (1976) could reach the conclusion: "We present the properties of 105 events of the form e + + e e ± + µ + missing energy . …The simplest hypothesis compatible with all data is that these events come from the production of a pair of heavy leptons, the mass of the lepton being in the range 1.6 to 2.0 GeV". Finally, the discovery was consolidated in a third paper, one year later (Perl et al. 1977) , titled "Properties of the proposed charged lepton". Notice that in this article, the name is changed from heavy lepton to tau, the initial letter of , "the third" in Greek, on the suggestion of P. Rapidis. Soon, two other experiments, PLUTO and DASP at the e + e -DORIS collider at DESY confirmed the discovery. The discovery of the other member of the 3 rd lepton family, the tau-neutrino, had to wait another quarter of a century. As already discussed, the detector must have a large mass, because neutrino cross-sections are small and micrometre level spatial resolution, provided by emulsion techniques (Fig. 2) . In the DONUT experiment at Fermilab, the neutrino beam was produced using 800 GeV protons from the Tevatron interacting in a one-metre long tungsten "beam dump", which was 36 m upstream from the emulsion target. All the hadrons produced in the dump are absorbed, with the exception of those that decay within a picosecond or so. The latter are mainly charmed mesons. The primary source of is the leptonic decay of a D s meson into and . The signature of the is a track with a kink, signifying a decay characterized by a large transverse momentum. Fig. 9 shows the difference between and µ interaction topologies. The already mentioned ECC technique was used. A charged particle spectrometer with electron and muon identification capabilities provided additional information. A drawback of the ECC technique is the large amount of work needed at the microscope to extract the relevant information from the emulsion sheets after having exposed them to the beam and chemical develop. First, the sheet must be scanned to find the interesting tracks, then these tracks must be followed to check if they originate from an interesting vertex, finally all the tracks of the event must be accurately measured. Automatic techniques were continually developed by the Nagoya group lead by K. Niwa to cope with the large amount of emulsion sheets of the DONUT experiment. Kodama (2001) published the discovery of the tau neutrino based on the observation of four interactions with an estimated background of 0.34 events. Fig. 10 shows one of them. The short track of the is clearly resolved. 
The third neutrino appearance
As we have seen, more than one century, from 1887 to 2001, was needed to discover the six leptons of the three families. During this period, neutrinos gave many surprises. Neutrinos are the only known particles that do not behave as foreseen by the Standard Model: they have non-zero mass and they can change flavour in the oscillation phenomena. In other words, neutrinos do not belong to a family forever; as time goes by they change family. We have also mentioned that different experiments have now clarified many aspects of neutrino physics. However, several unknowns remain. One of these is the following. Experiments on atmospheric and accelerator µs have proven that they disappear over long distances. All the evidence is that they change flavour almost exclusively into , but the experimental proof still lacks. The OPERA experiment at LNGS is searching for that.
The history starts three decades ago. Fig. 11 . Sketch of the neutrino beam from CERN to Gran Sasso by A. Zichichi (1979) In 1979, A. Zichichi, then president of INFN, presented to the Italian Senate the Gran Sasso Project, to build a large, technologically advanced, laboratory under the Gran Sasso massive. The Project was soon approved with a first appropriation to ANAS (the Italian Government Road Department) in 1982 (a second followed in 1984). By 1987 ANAS had completed the civil engineering works and the first experiments had begun to be commissioned. The laboratory halls were oriented, in particular, toward CERN, in order to be able in a future to host experiments on a neutrino beam from those accelerators. The draft presented by Zichichi to the Senate is shown in Fig. 11 . The latter vision started to become reality around 1997. Recalling that accelerators produce (almost pure) µ beams, the alternative µ disappearance vs. appearance was open. Notice that the two require different characteristics both for the beam and the experiments. Vivid discussions started in the community leading to proposals for both options. In particular, in that year Ereditato, Niwa and Strolin (1997) proposed the OPERA experiment. It was as an appearance experiment based on the ECC technique. The study of the proposals led to a common decision by the CERN Director General, L. Maiani, the INFN President, E. Iarocci, and the LNGS Director, myself, for the more risky, but much more rewarding in case of success, appearance experiments. We took into account that two disappearance experiments were under way, K2K under construction in Japan (run started in 1999) and MINOS, planned at As mentioned, the beam produced at CERN is mainly composed of µ with no . Consequently, the observation of any at LNGS must be due to the appearance in the oscillation phenomenon. As already discussed, the two types of neutrinos can be distinguished, when thy produce a charged lepton: a µ produces a µ and a produces a (Fig. 9) . As in DONUT, in OPERA an ECC tracking target is followed by a magnetic spectrometer. A very large target mass is necessary, because, even a distance of 732 km from CERN to Gran Sasso the appearance probability is small, because the corresponding 2.5 ms flight time is only a small fraction of the oscillation period. Consequently, only 1-2% of neutrinos are expected to "oscillate". Considering in addition the very small neutrino cross section the conclusion is reached that the detector target mass needs to be considerably larger than 1000 t. Fig. 12 shows schematically the components of each spectrometer. The OPERA ECC is composed of "bricks". Each brick is a sandwich of 1 mm thick Pb sheets and double, thin (50 m) emulsion sheets on the two sides of a plastic sheet on each side of the lead. Overall, OPERA is made of 150 000 bricks, including about 110 000 m 2 emulsion films and 105 000 m 2 lead plates, for a total of about 1250 t. The automatic emulsion read-out techniques had to be further developed. OPERA is collecting and analysing data since 2008 and is planned to continue till the end of 2012. Already one candidate was found (Agafonova et al. 2010) . It is shown in Fig. 13 . The lepton is the short red track. It decays in a charged hadron, presumably a pion and a gammas, which are detected. Even if the calculated probability for any background to simulate a is only 0.045±0.020, it is too early to claim the discovery of the appearance phenomenon. But a few other similar events will hopefully lead to the discovery in the next years. 
Are neutrinos and antineutrinos different particles?
The Standard Model assumes neutrino masses to be zero, but as we have discussed, they are not, it assumes flavour lepton numbers to be conserved, but the oscillation phenomena show that this is not true. These facts make it plausible that even the total lepton number might not be absolutely conserved. Being the lepton number the only quantum number that distinguishes neutrinos from antineutrinos, neutrino and antineutrino may be the same particle, as predicted by Majorana (1937) . Let me recall that, in any case, the V-A structure of the charged current weak interactions (maximum parity violation) implies that only the negative chirality projection of the four-component spinor neutrino field appears in the weak charged current (in the interaction Lagrangian). In case of massless particles, as the SM neutrinos, the negative chirality field generates neutrinos in the helicity eigenstate with eigenvalue -1 and antineutrinos with eigenvalue +1. When a neutrino hitting a nucleus produces a charged lepton l, the V-A nature of the current implies its helicity to be negative, which in turn implies it being a l -. As a consequence, the lepton number appears to be conserved (see Fig. 14a ). The situation changes if neutrinos are, as they do, massive. There are two possibilities, corresponding to the lepton number being conserved (neutrinos obey Dirac equation, Fig. 14b) or not (neutrinos obey the Majorana equation, Fig. 14c ). In both cases the particles generated by the negative chirality field are no more in a helicity eigenstate, even if they are, in practice, "almost" so. Neutrinos of mass m, energy E and momentum p have a component of positive ("wrong") helicity of amplitude 1 2 1 p E + m (see for example Bettini 2008 ). This amplitude is in the laboratory frame always extremely small, being the neutrino masses of the order of 100 meV and their energies of the order of the MeV or GeV. (Notice, however, that the relic neutrinos that fill the Universe are non relativistic). Under these condition, with a very good approximation
It is however the effect of this tiny component that distinguishes the Dirac from the Majorana cases. If lepton number is conserved, this component produces leptons of the same sign as the dominant one (Fig. 14b) . On the contrary, a Majorana particle produces charged leptons of both signs, negative if its helicity is negative, positive if it is positive. Having those produced in the weak interactions a dominant helicity component, we call "neutrino" the one with dominant negative helicity, "antineutrino" the one with dominant positive helicity. The situation is pictured in Fig. 14c ). Calculation shows (Kayser 2008 ) that the probability amplitude to produce a positive lepton in the collision of a neutrino with a fixed target is proportional to m/E In principle, one might investigate whether neutrinos are Majorana particles searching for reactions like µ + N µ + + N ' . However, the factor (m/E ) 2 in the cross section, for energies of the order of GeV (to be above threshold) is a small as 10 -20 , making the detection impossible. There is however a possibility, the neutrino-less double-beta decay. As it is well known, beta decay is energetically forbidden for even-even nuclei. The open channel is a second order weak process, the two-neutrino double beta (2 2 ) decay, in which two nucleons experience beta decay contemporarily, (A,Z) (A,Z+2)+2 e +2e -. The underlying process at the quark level is shown in Fig. 15a) If neutrinos are Majorana particles, the neutrino-less double beta (0 2 ) decay, (A,Z) (A,Z+2)+2e -, is possible. It is shown at the quark level in Fig. 15b ). The process violates the lepton number by two units. The matrix element in Fig. 15b) 
where G Z is the phase space volume, depending on the nucleus, which is calculated without uncertainties and M 0 is the "nuclear matrix element". Much progress has recently been done in understanding the nuclear physics effects and the present uncertainties have been reduced to a factor 2-3. Notice that the differences between initial and final nuclear levels have been accurately measured. Consequently, the sum of the two electrons energies, called Q , (which is typically a few MeV), is known, usually within a fraction of a keV. Fig. 16 shows schematically the spectrum of the sum energy: the continuous part is the 2 2 decay, the small peak the 0 2 , if it exists. Clearly, its size is not known, but its position is. In practice, other backgrounds are present. The "background index" b, in the region of interest, is the number of counts per unit exposure time, per unit detector mass and unit energy interval. The lowest background index in the last generation experiments has been b=10 -1 yr -1 kg -1 keV -1 . The present generation aims to improve to b=10 -2 -10 -3 yr -1 kg -1 keV -1 . . The fourth-root dependence implies that to gain, for example, an order of magnitude in the Majorana mass the sensitive mass must be increased by four orders of magnitude, if the background index is constant! If however the background is zero (or almost so), the figure of merit scales as F M MT
2
. Another important parameter is the energy resolution. The region of interest of the spectrum has a width of the order of E. Moreover, the energy resolution is the only way to reduce the tail of the 2 2 decay under the peak, as shown in the insert of Fig. 16 . It can be shown that, for a given ratio of the two half lives, the signal to , which depends on the 6 th power of the energy resolution.
In conclusion, background free condition and energy resolution are the key features. Fig 17 shows M ee as a function of the lightest neutrino mass as calculated by Feruglio, Strumia & Vissani (2002) for the two signs of m 2 . Fig. 18. From Gómez-Cadenas et al (2012) . Sensitivity of the different experiments to M ee computed assuming a 5 years exposure, proper intervals for the nuclear matrix elements and for both "optimistic" and "pessimistic" experimental parameters (see reference). A sensitivity line corresponding to a 10 years exposure, and to the most optimistic NME and experimental parameter set, is also shown
To fix the orders of magnitude consider the three nuclei employed by the experiments that just started running, EXO and KAMLand-Zen with (85%) enriched 136 Xe, GERDA-1 with (85%) enriched 76 Ge, or ready to do so, CIORE-0 with natural TeO 3 (the active 130 Te isotope abundance is 34%). At M ee =50 meV, even with a very large exposure of 1 t yr, the numbers of expected signal events are small: 4.3, 4 and 2.5 respectively. These numbers should be compared with the expected background in the region of interest, namely the product b E. E is 100 keV for EXO, 250 keV for KAMLand-Zen, 5 keV for CUORE and 4 keV for GERDA-1. The background indexes are not yet well known, given the initial phases of all the experiments; estimates range, in units 10 -3 /(kg keV yr), between 1 and 300. A review of the present status of the search for double beta decay by Gómez Cadenas et al. (2012) has been recently published. Fig. 18 gives their estimate of the sensitivities of the next generation experiments, within a range of uncertainty due to both experimental unknown parameters and nuclear matrix elements.
Conclusions
More than half a century is passed since the discovery of the first neutrino and more than 80 since the desperate hypothesis of Pauli. When the second neutrino was discovered, 50 years ago, the search for the third lepton family started. I hope to have given some flavour of the fascinating discoveries in neutrino physics. Neutrinos are indeed the most elusive of the known particles and have always in store for us unpredicted properties. The first window on new physics, beyond the Standard Model, was opened in neutrino physics. It started in underground laboratories in the late 1960s with the solar neutrino puzzle, even before the Standard Model was established. On the other hand, the difficulties of neutrino experiments have often induced premature enthusiasms, under evaluating the systematic uncertainties, over stressing the statistical significance, un-accounting for hidden experimental effects, etc. Examples are the 17 keV neutrino, the negative electron neutrino mass squared, the eV mass neutrinos, the recent two-sigma-or-so effects leading to sterile neutrinos, and more, till now. Neutrino experiments are very difficult, but we have still a lot to learn from them.
